"B NM R chemical shifts and linewidths have been measured in very dilute aqueous solutions o f boric acid and borates. The results can be explained bv taking pH dependent weighted averages over the species B(OH)3 and B(OH)4. The n B -10B prim ary isotope effect on the magnetic shielding is smaller then 3 • 10-8. The H 20 -D 20 solvent isotope effect on Tx has been established for n B and 10B in the species mentioned, and from the ratios o f T\ the quadrupolar origin of the relaxation mechanism has been inferred.
Introduction
The element boron has two isotopes which are accessible to NMR investigations: "B and 10B, with natural abundances of 80.4% resp. 19.6%. There is a large amount of boron NMR investigations in boron compounds (see e.g. the reviews [1] [2] [3] [4] ), where the overwhelming majority has been performed with the nuclide "B, although the linewidths of 10B are smaller by a factor of 0.65 when the relaxation mechanism is dominated by the quadrupolar inter action (see [5] ; value corrected for recent data). But due to its 8.3 fold receptivity and the 2.9 fold Larmor frequency "B is favourable as to sensitivity and spectral resolution.
Surprisingly rather few investigations on aqueous solutions of boron salts are known [6 -12] . The con centrations in these investigations are relatively high, and therefore extrapolation e.g. of the chem ical shift to zero concentration is unreliable [10] [11] [12] . NMR investigations on very dilute aqueous solu tions (concentrations < 20 millimolal) should give reliable information about the boron species present at these concentrations. This is also of importance for 11B NMR studies on medical and biological fluids, which usually contain only small amounts of boron [13] , and on tap and waste water [14] ,
In the following we report on "B (and some few l0B) NMR investigations in dilute aqueous solutions of boric acid and sodium borates. Chemical shifts in their dependence on concentration and pH have Reprint requests to Prof. O. Lutz, Physikalisches Institut der Universität Tübingen, A uf der Morgenstelle, D-7400 Tübingen. * Berlin, Hünefeldzeile 5. been studied, as well as linewidths and longitudinal relaxation times T\. Additionally, H20 -D 20 solvent isotope effects and the primary l0B -" Bisotope effect have been investigated.
Experimental
The 11B and ,0B NMR investigations have been performed at 28.88 MHz resp. 9.67 MHz with a Fourier spectrometer using a Bruker SXP4-100 console with an externally 'H-stabilized 2.11 T Bruker magnet system. For the FID-and dataprocessing a B-NC 12 unit was employed. Cylin drical glass samples of 10 mm diameter have been used at a temperature of (299 + 1) K. The boron NMR signal of the glass decays quickly and does hardly disturb the rather long free induction decay (FID) of the samples investigated. The chemical shifts are given by <5= ( v sam pie -vref.)/vref., where as reference sample a 0.1 molal solution of B(OH) 3 in H20 has been employed. For the evaluation of the T| values, the peak intensities of the Fourier trans form inversion recovery signals have been adjusted by two-and three-parameter least squares fitting procedures [15] [16] [17] , An internal 2H stabilization unit B-SN 20 with high resolution probes and rotat ing samples has been applied for the measurements of the ratios of the Larmor frequencies.
Results

Boric acid:
The boron chemical shift does not depend on the concentration of boric acid in H20 as has been reported earlier for 11B [8] and 10B [12] concentrations C > 100 mmol. In Fig. 1 the results are presented for concentrations down to 2 mmol. Also in this range no dependence within the limits of error of ± 0.05 ppm is observable. Also the line widths are constant for the range of 2 mmol to 500 mmol. These facts confirm earlier findings [18] that in aqueous solutions of boric acid the species B(OH)3 is dominant, whereas B(OH)i can be neglected in the acidic range: Boric acid is a Lewis acid with a dissociation constant Ks = 7.3 • 10-10 [19] for the equilibrium
B(0H)3+ H 20 ^ B(OH)4 -+ H +.
This is very important for solutions with higher pH, since for the resulting pKs = 9.2 (data reported in [11] and [19] The linewidth is constant in the range where B(OH)3 is dominating, it decreases strongly at the pH values where the highly symmetric B(OH)4 species becomes present. There is an interesting broadening in the transitional region from which a calculation of the exchange rate constant could be performed. But for reliable results, instead of the observed linewidths, presently not available directly measured T2 values should be used. The astonishing fact, given in Fig. 3 , that the chemical shift of aqueous solutions of N aB 02, especially at low concentrations, is strongly time dependent can be explained in the same way. Freshly prepared samples of low concentrations from 1 mmol to 42 mmol have a pH value of 9.9 to 10.9 and are near the "critical" range. The samples which have been remeasured one year later had changed their pH to the range from 8.0 to 10.4, and so the strong time effect in the observed chemical shift is explained, an effect which for the millimolal solutions is appreciable within hours. Again all the samples lie exactly on the curve <5=/(pH). The linewidths (see Fig. 1 ) increase strongly with decreasing concentrations.
These facts are in agreement with the assumption that at higher concentrations the B(OH)4 -ion is present, and since this tetrahedral ion has a small electric field gradient at the position of the boron nucleus the NMR line is narrow whereas in the transitional region the broader line of the B(OH)3 species and also the exchange broadening effects play an important role.
Sodium tetraborate: The chemical shift for the solutions of N a2B40 7 with 1 0 0 m m o l> c > 0 changes from 0 = -9.9 ppm to 0= -8.4 ppm, as can be seen from Figure 1. (The shifts for the very small concentrations are also time dependent.) The pH of these solutions changes from 9.3 to 9.0. For this pH range the strongest changes in the chemical shifts (and linewidths) are expected (see Figure 2) . So the chemical shift in sodium metaborate can also be explained as the weighted mean of the species B(OH)3 and B(OH)4 ". Adding HC1 resp. NaOH to 1 mmol solutions for obtaining low resp. high pH values results in chemical shifts of 0 ppm resp. -1 7 .6 ppm. Again the observed chemical shifts follow the relation < 5 = /(pH ).
The dependence of the linewidth on the pH is very similar for sodium tetraborate, boric acid and sodium borate.
Ammonium pentaborate: Some chemical shift results for solutions of NH 4B50 8 are given in Figure 1 . A very strong and asymmetric signal is observed, changing from -1 .5 ppm to -2.9 ppm with decreasing concentration. A further weak signal is found at higher concentrations, e.g. at Ö = -18.4 ppm for the 102 mmol solution. This signal vanishes for concentrations < 20 mmol.
Again the strong signal can be explained as the weighted average between B(OH)3 and B(OH)4 : the pH increases from 7.9 for the 102 mmol to 8.5 for the 10 mmol solution. So a decrease in the chemical shift is observed for decreasing concen trations. A third signal, not resolvable due to the low magnetic field, was expected near the strong line. At 7.05 T with a Bruker CXP 300 this third signal in the 102 mmol solution has been resolved* at Ö = -6.3 ppm, where the intensity was about 30% of that of the strong line. This signal has also nearly vanished in the 10 mmol solution. In the literature [6, 8, 10] exchange equilibria, a more detailed study of chemical shifts and relaxation rates at high magnetic fields in the pentaborate solutions must be per formed.
Isotope effects: In NMR spectroscopy isotope effects on magnetic shielding and relaxation times can be observed. The element boron with its two rather abundant isotopes is favourable for such studies.
Primary isotope effect on magnetic shielding: The ratio of the Larmor frequencies v of two isotopes 1 and 2 of the same element in the same magnetic field and compound is [20] v (1) 7 (1) (1 -cr(l)) y: gyromagnetic ratio, v (2) y (2) (1 -cr (2)) ' o: shielding constant.
If for two compounds having a chemical shift 0= oa~ ob this ratio is not constant, there is a primary isotope effect of magnetic shielding: a( 1) + er (2) . Only a few primary isotope effects are reported in the literature (see e.g. [20, 21] ). In the case of boron some inconsistent data are available: The error is the root mean square error of the different runs. Concluding, it seems very unlikely that there is a primary isotope effect larger than 3 • 10"8. An additional result is the very small boron The ratio of the coupling constants is consistent with the ratio of the Larmor frequenices. Solvent isotope effect: The magnetic shielding of ionic nuclei in H20 and D 20 is often different (see e.g. [21] ). In solutions of N aB 02 in H20 with a mole ratio of 0.018 the solvent isotope effect has been measured: Within the limits of error of ± 0.05 ppm no effect was observable. This is not surprising, since for 27Al the effect is also very small: <5SIE = -0.26 ppm [25] . The exchange of the solvent H 20 by D 20 can have further consequences on the NMR signals especially in the case of quadrupolar nuclei: Due to the higher viscosity and the smaller self-diffusion coefficient of D20 compared with H20 , the quadrupolar relaxation of ionic nuclei shows a remarkable solvent isotope effect. In a recent review article by Holz [26] and a work by Kodweiß et al. [27] data for a couple of elements for which the effect was found are given. In Table 1 the results of measurements of the longitudinal relaxation times T| of 10B and "B in H20 -and D20-solutions of boric acid and sodium borate are listed. As expect ed, T| is short in the low symmetric B(OH)3 and long for the tetrahedral B(OH)^. Further, the typical difference for quadrupolar dominated relax ation times is found for the pairs B(OH)3-B (O D )3 and B(OH)4 -B (O D )4 in the solutions with mole ratios of 0.0018 (about 0.1 mol) for 11B as well as for ,0B. In the ten times higher concentrated N aB 02 solutions the solvent isotope effect is obviously obscured by additional interactions, and further a strong decrease in T, is observed. .
Ratio of the quadrupole moments: 10B and 11B have a nuclear spin quantum number of 7i0 = 3 resp. 7,1 = 3/2 and a nuclear quadrupole moment of £>io = 0.085 • 10~28 m2 resp. Qu = 0.041 • 10"28 m 2 [28] . Applying the theory of quadrupolar relaxation of Bloembergen [29] and Hertz [30] It should be mentioned that, due to the very different spin factors, l0B with the larger quadrupole moment has the longer relaxation time T\. In Table 1 the ratios of the quadrupole moments, which have been calculated from the measured Tx, are also given. These ratios are a very proof of the quadrupolar character of the relaxation since they are in agreement with the directly measured ones: Dehmelt [31] obtained from the measurement of the nuclear quadrupole resonance frequencies in solid B(CH3)3 and B(C2H5) 3 the ratio Q\o/Q\\ = 2.084 ± 0.02.
